The epithelial Na + channel ENaC is a heterotrimer of homologous α, β, and γ subunits (1, 2) . ENaC functions as a pathway for Na + absorption across epithelial cells in the kidney collecting duct, lung, distal colon, and sweat duct (reviewed in (3, 4) ). Na + transport is critical for the maintenance of Na + homeostasis and for the control of the composition and quantity of the fluid on the apical membrane of these epithelia.
ENaC mutations, and defects in its regulation, cause inherited forms of hypertension and hypotension (5) , and may contribute to the pathogenesis of lung disease in cystic fibrosis (6) .
ENaC is a member of the DEG/ENaC family of ion channels. A common structural feature of these channels is a large extracellular domain that plays a critical role in channel gating. For example, in ASICs, the extracellular domain function as a receptor for protons, which transiently activate the channel by titrating residues that form an acidic pocket (7) . FaNaCh is a ligand-gated family member in Helix aspersa, activated by the peptide FMRFamide (8) . In C. elegans MEC family members, the extracellular domain is thought to respond to mechanical signals (9) .
ENaC differs from other family members since it is constitutively active in the absence of a ligand/stimulus. However, a convergence of data indicate that ENaC gating is modulated by a variety of molecules that bind to or modify its extracellular domains, including proteases (10) (11) (12) , Na + (13) (14) (15) , protons (16) , and the divalent cations Zn 2+ and Ni 2+ (17, 18) . These findings suggest that the ENaC extracellular domain might regulate epithelial Na + transport by sensing and integrating diverse signals in the extracellular environment.
In the current study, we tested the hypothesis that ENaC activity is regulated by changes in the extracellular Cl -concentration.
Several observations suggested that Cl -might be a strong candidate to regulate the channel. First, transport of Na + and Cl -are often coupled to maintain electroneutrality. Second, ENaC is exposed to large changes in extracellular Cl -concentration. For example, in the kidney collecting duct, the urine Cl -concentration varies widely (19 
EXPERIMENTAL PROCEDURES
DNA Constructs-cDNAs for human α, β, and γENaC in pMT3 were cloned as previously described (2, 20) . The mutations α H418A , β R388A , γ H396A , and γ H233R were generated by site-directed mutagenesis (QuickChange; Stratagene) and sequenced in the University of Iowa DNA Core.
Expression and Whole-Cell Electrophysiology in Xenopus oocytes-Oocytes were harvested from albino Xenopus laevis females and manually defolliculated following a one hour treatment with 0.75 mg/mL Type IV Collagenase (Sigma) in Ca 2+ free ND-96 (96 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 5 mM HEPES, pH adjusted to 7.4 with NaOH). Following nuclear injection of cDNAs encoding α, β, and γENaC (0.02 µg/µl each), cells were incubated at 18 °C in modified Barth's saline (88 mM NaCl, 1 mM KCl, 0.33 mM Ca(NO 3 ) 2 , 0.41 mM CaCl 2 , 0.82 mM MgSO 4 , 2.4 mM NaHCO 3 , 10 mM HEPES, 50 µg/mL gentamycin sulfate, 10 µg/mL sodium penicillin, 10 µg/mL streptomycin sulfate, pH adjusted to 7.4 with NaOH) for 20-24 hours prior to study. 4 2-and D-mannitol (to balance osmolarity). Amiloride-sensitive current was determined by adding 10 µM amiloride to the bathing solution. The pH and chloride-induced changes in amiloride-sensitive current were calculated as the fold increase/decrease relative to the baseline current in pH 7.4, 116 NaCl solution just prior to each test solution application. This was done to reduce the effect of time-dependent current rundown. The resulting data were plotted and fit to the Hill equation using IGOR Pro software (WaveMetrics Inc.). Na + self-inhibition was measured by rapidly changing the bathing solution from low sodium (1 mM) to high sodium (116 mM) and quantitated as (peak current -steady state current) / peak current.
Expression and Whole-Cell Electrophysiology in H441 and primary airway epithelia-H441 cells (American Type Culture Collection) were grown on 0.6 cm 2 permeable filter supports (Millipore) in RPMI with 8.5% fetal calf serum, 20 mM L-glutamine, 5 µg/ml insulin, 5 µg/ml transferrin, 5 ng/ml selenium, 100 nm dexamethasone, 100 U/ml penicillin, and 100 mg/ml streptomycin at 37 °C for 5 days. Primary human airway epithelia were isolated from the trachea and bronchi of donor lungs and grown at the air-liquid interface of collagen-coated permeable filter supports, as described previously (21) . Aprotinin (26 µg/ml) was present in the apical solution for 2 h prior to study. Short-circuit Na + current was measured in modified Ussing chambers (Warner Instrument Corporation) using an EC-825 Epithelial Voltage Clamp amplifier (Warner Instrument Corporation). Currents were digitized with a PowerLab interface (ADInstruments) and recorded and analyzed with Chart software (ADInstruments). The apical and basolateral surfaces were bathed in 116 mM NaCl, 2 mM KCl, 0.4 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES (pH adjusted to 7.4 with NaOH) or 58 mM Na 2 SO 4 , 58 mM D-mannitol, 2 mM KCl, 0.4 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES (pH adjusted to 7.4 with NaOH) at 37 °C. Amiloride-sensitive short-circuit current was determined as the difference in current with and without amiloride (10 µM) in the apical bathing solution. In a human lung carcinoma cell line (H441), we measured amiloride-sensitive current when the apical and basolateral membranes were bathed in NaCl ( Fig. 2A) . When Cl -was replaced with SO 4 2-on the apical and basolateral membranes (to eliminate a Cl -gradient), there was an increase in amiloride-sensitive current ( Fig. 2A and quantitated in Fig. 2B ). Results were similar in primary cultures of human airway epithelia ( Fig  2B) (7). To identify candidate residues, we lined up the ASIC1a and ENaC sequences.
RESULTS

Extracellular
In general, sequence conservation in the extracellular domains is low. We therefore focused on a portion of the thumb domain where the lineup was facilitated by the presence of four highly conserved cysteine residues (Fig. 3A) . In ASIC1a, the positively charged side chain of Arg-310 participates in the coordination of Cl -. In βENaC, an arginine is located one position down-stream (β-Arg-388). The equivalent residues in αENaC and γENaC are histidine (418 and 396, respectively), which when protonated carry a positive charge that could coordinate Cl -. To test their role in Cl -regulation of ENaC, we mutated each of these residues to alanine. In Fig. 3B , we expressed wild-type or mutant (α H418A β R388A γ H396A ) ENaC in Xenopus oocytes and varied the extracellular Cl -concentration. Compared to wild-type ENaC, the mutations reduced Cl --dependent inhibition by more than 50%. We also tested the effect of mutations in individual ENaC subunits. ENaC currents in cells expressing α H418A βγ ENaC or αβ R388A γ ENaC were also less responsive to Cl -, whereas Cl -inhibited αβγ H396A channels similar to wild-type (Fig. 3B) . Together, these results suggest that α-His-418 and β-Arg-388 participate in ENaC regulation by Cl -. Although we cannot exclude a role for γ-His-396, this residue is not required for Cl -to inhibit ENaC. Because mutation of these residues did not completely abolish the effect of Cl -on ENaC, it seems likely that additional residues also contribute.
DEG mutation and proteolytic cleavage abolish response to Cl
--Because Cl -removal or re-addition altered ENaC current over a rapid time-course (seconds), it seemed likely that Cl -affected channel activity rather than changing ENaC trafficking. To more directly test this idea, we used two strategies to prevent changes in ENaC activity. First, we covalently modified a cysteine introduced at the DEG position at the extracellular end of the pore in βENaC (β S520C ), a maneuver that locks ENaC in the open state (open probability = 0.96) (23) . Fig. 4A shows an oocyte expressing αβ S520C γ ENaC before (black line) and after (gray line) modification with MTSET. To emphasize the Cl --dependent effect, the traces were normalized to the peak currents and superimposed. Before modification, Cl -decreased current similar to wild-type ENaC (Fig. 4A , black line, and 4B). In contrast, Cl -had no effect on ENaC current after the introduced cysteine was modified with MTSET ( Fig. 4A , gray line, and 4B). As a second strategy, we took advantage of the observation that ENaC gating is disrupted by proteolytic cleavage of the extracellular domain, which also increases open probability (12) . Treatment of wild-type ENaC with trypsin (2 µg/ml for 3 min) abolished the effect of Cl -on current (Fig. 4C, gray line, and 4D) To test this, we quantitated Na + self-inhibition with Cl -or SO 4 2-as the predominant anion in the extracellular bathing solution. In Xenopus oocytes expressing ENaC, a rapid increase in extracellular Na + (from 1 to 116 mM) produced an inward Na + current (downward deflection) that rapidly decreased to a lower steady-state level, as a result of Na + self-inhibition (Fig. 5A) . When Cl -was the anion, the fraction of amiloride-sensitive current inhibited by Na + was 0.58 ± 0.02 (Fig. 5B) . When Cl -was replaced by SO 4 2-or SCN -, a smaller fraction of ENaC current was inhibited by Na + (0.23 ± 0.06 and 0.25 ± 0.02, respectively) ( Fig. 5A and B) . Mutation of the putative Cl -binding site in all three subunits (α H418A β R388A γ H396A ) reduced Na + self-inhibition to a similar extent as Cl -removal ( Fig. 5C and D) . Na + self-inhibition was also reduced by mutation of the α subunit alone, but not by mutation of β or γENaC (Fig. 5D) .
The data suggest that Cl -inhibits ENaC in part by increasing Na + self-inhibition. If correct, then removal of Na + from the extracellular solution should disrupt the effect of anion substitution on ENaC current. To test this prediction, we replaced extracellular Na + with NMDG and measured outward amiloride-sensitive current. Under these conditions, substitution of extracellular Cl -with SO 4 2-increased ENaC current much less (I SO4 /I Cl = 1.46 ± 0.06) than when Na + was present in the extracellular solution (I SO4 /I Cl = 2.38 ± 0.12) (Fig.  5E ). In contrast, when the putative Cl -binding sites were mutated, the residual effect of anion substitution was not altered by changes in extracellular Na + (Fig. 5E ). As a further test of the role of Na + selfinhibition in ENaC regulation by Cl -, we mutated a residue required for Na + self-inhibition. Previous work found that mutation of His-239 in the extracellular domain of mouse γENaC abolished Na + self-inhibition (15) . Mutation of the equivalent residue in human γENaC (His-233) had a similar effect (16) . We tested whether this mutation (αβγ H233R ) would disrupt the effect of Cl -on ENaC. In contrast to wild-type ENaC, changes in Cl -concentration had little effect on the mutant channel (Fig. 5F ). Together, the data suggest that Cl -regulates ENaC in part by modulating Na + selfinhibition.
pH Modulates the Effect of Cl -on ENaC-If the histidines we identified in Fig. 3 are Cl -binding sites, then we might expect ENaC regulation by Cl -to be altered by changes in extracellular pH. The imidazole side chain of histidine has a relatively neutral pKa (6.0), although this value can shift depending on its local environment. At alkaline pH, the side chain is uncharged, but at acidic pH it is protonated and carries a positive charge, which could enhance Cl At pH 8.5, Cl -removal also increased current, but the increase was smaller than at pH 6.5. Fig. 6B shows Cl -dose-response relationships at pH 6.5, 7.4, and 8.5. Compared to pH 7.4, Cl -inhibition of ENaC was increased at acidic pH and reduced at alkaline pH. Mutation of the putative Cl -binding residues (α H418A β R388A γ H396A ) abolished the effect of pH on ENaC inhibition by Cl - (Fig. 6C) . Thus, ENaC regulation by Cl -is modulated by changes in extracellular pH.
Because protons increase ENaC inhibition by Cl -, this effect should tend to reduce ENaC current at acidic pH. However, in previous work we observed the opposite; acidic pH increased ENaC current (16) (in Fig. 6A , compare current at pH 6.5, 7.4, and 8.5 with Cl -bathing solution). This resulted from a decrease in Na + self-inhibition at acidic pH ( (16) and Fig. 6D "Cl -"). We hypothesized that protons have two opposing effects on Na + self-inhibition; one alters Cl -binding and increases self-inhibition (which decreases current), whereas the other is independent of Cl -and reduces self-inhibition (which increases current). To eliminate the Cl --dependent component, we removed Cl -from the bathing solution and tested the effect of protons on Na + self-inhibition. Under these conditions, the inhibitory effect of protons on Na + self-inhibition was greatly enhanced; acidic pH decreased Na + self-inhibition to a larger extent than when Cl -was the extracellular anion (Fig. 6D) . Thus, although protons tend to decrease ENaC current through their effect on Cl -binding, this is countered by an independent inhibitory effect of protons on Na + self-inhibition. The net result is increased ENaC current at acidic pH.
DISCUSSION
Our findings in heterologous cells and in Na (Fig. 5E) . Moreover, mutation of the putative Cl -binding site in βENaC reduced ENaC regulation by Cl -, but it had no effect on Na + self-inhibition (Fig. 5D ). These observations suggest that in addition to its effect on Na + self-inhibition, Cl -may have a direct effect on ENaC activity that is independent of its effect on Na + self-inhibition. We found that extracellular protons alter the effect of Cl -on ENaC; acidic pH enhanced inhibition, whereas alkaline pH reduced inhibition. Together with our previous data, this indicates that protons modulate ENaC through at least two independent mechanisms. We propose a model in which titration of the histidine residues that form the Cl -binding site (His-418 in αENaC and possibly His-396 in γENaC) increase Cl -binding, resulting in reduced ENaC current at acidic pH. This effect is opposed by titration of additional residues which decreases Na + self-inhibition, resulting in increased current at acidic pH (16) . Thus, the net effect of pH on ENaC current is determined by the relative contribution of these two mechanisms. As a result, ENaC regulation by pH might vary under different physiological and pathophysiological conditions.
For example, when the Cl -concentration is low (e.g. volume depletion), acidic pH would have a greater stimulatory effect on ENaC than when the Cl -concentration is high (e.g. volume expansion).
ENaC is not the only cation channel that is modulated by extracellular Cl -. For example, Cl -and other anions shift the voltage dependence of voltage-gated Na + channels (24) . The selectivity sequence for voltage-gated Na + channels approximated the lyotropic series (SO 4 2-< F -< Cl -< NO 3 < Br -< I -< SCN -), where the anion effect is primarily related to the energy required for its dehydration, rather than the energy of interaction between the anion and its binding site. This situation is observed when the binding site has a relatively low affinity for anions (25) . With ENaC, the anion selectivity sequence (SCN -< SO 4 2-< H 2 PO 4 -< F -< I -< Cl -< Br -) also corresponded generally to the lyotropic series, although SCN -and I -were displaced from their predicted positions. Together with the Cl -doseresponse relationship, the data indicate that the ENaC binding site has a relatively low affinity for anions. This feature is important since it allows ENaC to be regulated by Cl -concentrations found in urine and airway surface liquid.
What is the physiological role of ENaC regulation by Cl -? In the kidney collecting duct, the urine Na + and Cl -concentrations can vary over a wide range (19) . Previous work indicates that changes in Na + concentration regulate the rate of Na + transport through two distinct mechanisms; Na + self-inhibition (13) (14) (15) -concentration (total anion concentration held constant with SO 4 2-) (mean +/-S.E., n = 9, error bars are hidden by the data points). D, amiloride-sensitive current with Cl -or SO 4 2-in the bathing solution (relative to Cl -) at a holding potential of -60 mV (inward current) or +30 mV (outward current) (mean +/-S.E., n = 10-11, *p < .01. E, amiloride-sensitive current when Cl -in the bathing solution was replaced with the indicated anion (relative to Cl -) (mean +/-S.E., n = 9-23, *p < .01).
FIGURE 2. Extracellular Cl -modulates endogenous ENaC activity in epithelia. A, representative short-circuit current trace in H441 cells. The apical and basolateral bathing solutions contained Cl -or SO 4 2-, as indicated. Amiloride ("Amil," 10 µM) was added to the apical bathing solution, as indicated by the gray bars. 0.5 mV pulses were applied every 15 seconds to monitor resistance. B, amiloride-sensitive current with Cl -or SO 4 2-in the bathing solution (relative to Cl -) in H441 and primary airway epithelial cells (mean +/-S.E., n = 5-6, *p < .01). FIGURE 3. Identification of residues that participate in Cl -regulation of ENaC. A, sequence alignment of human α, β, and γENaC and chicken ASIC1a. Boxes indicate residues that bind Cl -in ASIC1 and potential equivalent residue in ENaC. Arrowheads indicate conserved cysteine residues. B, fraction of amiloride sensitive current inhibited by Cl -(replacing SO 4 2-) in oocytes expressing the indicated ENaC subunits (mean +/-S.E., n = 6-9). Some of the error bars are hidden by the data points. FIGURE 4. DEG mutation and proteolytic cleavage abolish response to Cl -. A, representative current traces at a holding potential of -60 mV in the same Xenopus oocyte expressing human αβ S520C γ ENaC before (black trace) and after (gray trace) modification with MTSET ("ET"). The bathing solution contained SO 4 2-or Cl -, as indicated. 10 µM amiloride ("Amil") was present in the bathing solution, as indicated by the gray bars. B, amiloride-sensitive current in oocytes expressing αβ S520C γ ENaC with Cl -or SO 4 2-in the bathing solution (relative to Cl -) before and after treatment of with MTSET (mean +/-S.E., n = 3, *p < .01). C, representative current traces at a holding potential of -60 mV in the same Xenopus oocyte expressing human αβγ ENaC before (black trace) and after (gray trace) treatment with trypsin (2 µg/ml). D, amiloride-sensitive current in oocytes expressing αβγ ENaC with Cl -or SO 4 2-in the bathing solution (relative to Cl -) before and after treatment with trypsin (mean +/-S.E., n = 4, *p < .001). 4 2-bathing solution, as indicated. The traces are scaled to the peak amiloride-sensitive currents. The vertical scale bar is 1.7 µA (αβγ Cl -), 0.6 µA (αβγ SO 4 ), and 1.9 µA (α H418A β R388A γ H396A Cl -). D, Na + self-inhibition in oocytes expressing αβγ ENaC, wild type ("wt") or the indicated mutant subunits (α H418A , β R388A , or γ H396A ). Bathing solution contained Cl -or SO 4 2-, as indicated. Data are mean +/-S.E., n = 4-16, *p < .01 versus wild-type in Cl -. E, ratio of amiloride-sensitive current in SO 4 2-versus Cl -bathing solution in oocytes expressing wild-type or mutant ENaC, and incubated in 116 mM Na + ("+") or 1 mM Na + ("-") (mean +/-S.E., n = 3-14, *p < .01). Holding potential was -60 mV. Inward current was recorded for cells in 116 mM Na + and outward current in 1 mM Na + . F, fraction of amiloride-sensitive current inhibited versus extracellular Cl -concentration for wild-type or mutant (αβγ H233R ) ENaC (mean +/-S.E., n = 3-9, error bars are hidden by the data points). 
